Introduction
============

Immobilization of organometallic compounds on supports represents a promising avenue in the design of ideal single site catalysts.[@cit1] Recent progress in this area has been made by entering the catalytic cycle directly with surface organometallic fragments (SOMFs).[@cit2]--[@cit4] Generally, a SOMF consists of a metal center (group IV to group VIII), a ligand such as a hydride, an alkyl, a carbene-hydride, a carbene, or an imido used to target a given reaction (*e.g.* low temperature hydrogenolysis of polyolefins, ethylene polymerization, alkane, olefin or imine metathesis...)[@cit1],[@cit5],[@cit6] and an oxide or chemically modified inorganic support.[@cit7],[@cit8] Some of the most common supports used in surface organometallic chemistry (SOMC) are silica nanoparticles (NPs).[@cit1],[@cit9],[@cit10] Surface silanols generated by a high temperature dehydroxylation process under vacuum (700 °C, 10^--5^ mbar) act as anchor sites for early transition metals leading to the design of well-defined heterogeneous catalysts.[@cit11] This strategy, also known as "Catalysis by Design", requires methods for unambiguous characterization of these species at the atomic level, usually through advanced spectroscopic techniques such as EXAFS and multi-dimensional solid-state NMR (SS NMR) spectroscopy.[@cit1],[@cit10],[@cit12],[@cit13] The low intrinsic sensitivity of NMR is a major drawback for atomic level characterization of SOMFs due to prohibitively low signal-to-noise ratios and long experimental times. This problem can be overcome by an emerging technique called dynamic nuclear polarization surface enhanced NMR spectroscopy (DNP SENS).[@cit14]--[@cit16] DNP SENS can increase the signal intensity of conventional NMR spectra by two orders of magnitude, and has been applied to a range of surface systems.[@cit17]--[@cit28] Recently, it has led to the first complete three-dimensional structure of a SOMF on a silica surface.[@cit29] The method requires the addition of stable radicals as sources of polarization, usually nitroxide biradicals such as TEKPol,[@cit14],[@cit16] which is usually added through incipient wetness impregnation (IWI)[@cit30] and acts as a source of unpaired electrons. *In situ* microwave (μwave) irradiation transfers electron polarization to the surrounding nuclei (usually protons), and is followed by spin diffusion and cross-polarization (CP) to the nuclei of interest.[@cit16],[@cit31] The presence of a biradical species means that DNP SENS has only rarely been applicable in SOMC, due to the reactivity of nitroxide radicals with the SOMF.[@cit32],[@cit33] Therefore this precludes the characterization of the most interesting catalytic species. There is thus a need for a non-destructive strategy for DNP SENS characterization of SOMFs. A range of different formulations for DNP SENS have recently been proposed.[@cit19],[@cit27],[@cit28],[@cit34]--[@cit39],[@cit67] In particular it has been shown that reactive surface species can be studied either by protecting them inside mesoporous supports and using bulky radicals that are too large to enter the pores,[@cit27],[@cit39] or by using polarizing agents incorporated into dendrimers in order to avoid contact between the radical and the surface species.[@cit28] These approaches led to DNP signal enhancements for the surface species (*ε*~C,\ CP~ (SOMF)) of between 10 and 30. However, neither strategy is trivial to implement. Moreover, Perras *et al.*[@cit40] recently demonstrated that the radicals may physisorb on surfaces, and thus that the radical concentration should be optimized as a function of specific surface area in alumina, silica and mesoporous carbon samples. In the case of reactive surface species, the affinity between the radical and the surface will lead to the decomposition of active sites grafted on the support.

Here, we introduce a strategy based on controlled aggregation for reactive samples which can be applied to silica nanoparticles. Aggregation leads to exclusion of bulky biradicals, thereby avoiding direct contact between the SOMF and the polarization agent. We show that the DNP SENS efficiency can be predicted by measuring the hydrophilicity of the surfaces. We find signal enhancement factors of up to 30, corresponding to a reduction in experimental acquisition time by a factor of 900 with respect to conventional SSNMR. In this way we investigate a library of highly sensitive supported organometallic complexes bearing alkyl-ligands of various coordinations and sizes: Ti(CH~2~^*t*^Bu)~4~**I**, Zr(CH~2~^*t*^Bu)~4~**II**, WMe~6~**III**, W(0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C^*t*^Bu)(CH~2~^*t*^Bu)~3~**IV**, ZnMe~2~**V** and Ga(^*i*^Bu)~3~**VI**.

Attraction between silica NPs is mainly governed by hydrogen bonding[@cit41],[@cit42] and van der Waals interactions[@cit43] and leads to aggregation. Hydrophilic silica NPs (*e.g.* Aerosil-200 dehydroxylated at 700 °C) aggregate to a much higher extent in solvents with low polarity compared to NPs that have hydrophobic surfaces.[@cit44]--[@cit48] Surface modification of silica by SOMFs has three main effects: (i) when there is lower concentration of remaining \[0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000SiOH\] on the NP surface, agglomeration due to the formation of inter-particle hydrogen bonds between two nanoparticles is weakened, (ii) the presence of bulky SOMFs on the surface reduces aggregation of NPs due to steric hindrance[@cit48] and (iii) the presence of hydrophobic alkyl groups in the SOMFs in non-polar solvent also reduces the propensity for aggregation.[@cit49] We expect all of this to have an effect on DNP efficiency. For example, the presence of surface methyl groups has been shown in the past to strongly affect DNP enhancements.[@cit50]

With these observations in mind, here we suggest three parameters that influence the aggregation of NPs and can determine the applicability of DNP SENS for characterization of reactive species: ligand/solvent polarity, ligand size, and SOMF surface loading. A controlled aggregation of silica NPs allows for the protection of the SOMF from TEKPol while maintaining a reasonable transfer of polarization through the solvent inside the interparticle space of the aggregates. Ideal conditions are found based on the loading of the SOMF, which can be measured by elemental analysis, and the hydrophobicity of the material, which is obtained from nitrogen sorption measurements (*C*~BET~, *vide infra*).[@cit51]--[@cit53]

Results and discussion
======================

Reactions of organometallic complexes **I--VI** were performed with various SOMF loadings (of 0.2 (low), 0.5 (med) and 1.0 eq. \[SOMF\]/g \[0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000SiOH\] (high)). The reactions were either conducted at room temperature (**I**, **II**, **IV**, **V** and **VI**) or --40 °C (**III**) with partially dehydroxylated silica at 700 °C SiO~2,\ 700~ (0.30 ± 0.05 mmol of \[0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000SiOH\]/g of SiO~2,\ 700~) in *n*-pentane leading to SOMFs **1--6** ([Table 1](#tab1){ref-type="table"}) according to literature protocols.[@cit54]--[@cit59] More detailed information regarding grafting conditions and characterization can be found in the ESI.[†](#fn1){ref-type="fn"} FT-IR spectra (Fig. S1, ESI[†](#fn1){ref-type="fn"}) generally illustrate the decrease of the \[0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000SiOH\]-vibrational band intensity at 3740 cm^--1^ and the increase of the intensity of *ν*(C--H) (3100--2700 cm^--1^) and *δ*(CH) bands (1569 cm^--1^ and 1361 cm^--1^) with increasing SOMF concentration. The SOMF concentration and the carbon content were determined by elemental analysis (ESI[†](#fn1){ref-type="fn"}), and the results are summarized in [Table 1](#tab1){ref-type="table"}.

###### Summary of metal (*c*~SOMF~) and carbon (*c*~carbon~) concentrations and *C*~BET~ determined for silica~700~ (**0**) and SOMFs **1--6** at various SOMF concentrations (low, med, and high)

  Entry   Sample       Structure                       *c* ~SOMF~ (mmol g~silica~^--1^)             *c* ~carbon~ (mmol g~silica~^--1^)           *C* ~BET~
  ------- ------------ ------------------------------- -------------------------------------------- -------------------------------------------- -----------
  1       **0**        ![](c8sc00532j-u1.jpg){#ugr1}   0                                            0                                            81
  2       **1-med**    ![](c8sc00532j-u2.jpg){#ugr2}   0.179                                        2.70                                         43
  3       **1-low**    0.099                           1.59                                         57                                           
  4       **2-med**    ![](c8sc00532j-u3.jpg){#ugr3}   0.153                                        1.93                                         54
  5       **2-low**    0.044                           0.76                                         58                                           
  6       **3-med**    ![](c8sc00532j-u4.jpg){#ugr4}   0.125                                        0.65                                         65
  7       **3-low**    0.070                           0.34                                         75                                           
  8       **4-high**   ![](c8sc00532j-u5.jpg){#ugr5}   0.234                                        3.59                                         32
  9       **4-med**    0.114                           1.80                                         50                                           
  10      **4-low**    0.065                           0.89                                         65                                           
  11      **5-med**    ![](c8sc00532j-u6.jpg){#ugr6}   0.103                                        0.19[^*a*^](#tab1fna){ref-type="table-fn"}   71
  12      **5-low**    0.049                           0.02[^*b*^](#tab1fnb){ref-type="table-fn"}   78                                           
  13      **6-high**   ![](c8sc00532j-u7.jpg){#ugr7}   0.200                                        2.41[^*a*^](#tab1fna){ref-type="table-fn"}   42
  14      **6-med**    0.110                           1.39[^*a*^](#tab1fna){ref-type="table-fn"}   54                                           

^*a*^Late transition metals are prone to open siloxane bridges leading to a higher than expected carbon/metal ratio.

^*b*^The detection limit of the instrument is 0.2 wt% carbon.

Additionally, nitrogen sorption measurements were performed to determine the value of *C*~BET~, which is used to assess the surface polarity of the silica.[@cit51]--[@cit53] More precisely, *C*~BET~ expresses the strength of the adsorbate--adsorbent interaction and is related to the excess enthalpy of condensation of nitrogen molecules adsorbed on the first monolayer. The *C*~BET~ value is determined from the BET analysis of the portion of the isotherm between relative pressures (*p*/*p*~0~) of 0.05 and 0.20 according to the following eqn (1):where *V*~ads~ is the quantity of gas adsorbed per unit adsorbent mass and *p*/*p*~0~ is the relative pressure at adsorption equilibrium. *C*~BET~ is a measure of hydrophilicity, with a high value expected for hydrophilic surfaces, and a low value for hydrophobic surfaces.[@cit51]--[@cit53] *C*~BET~ for hydrophilic silica dehydroxylated at 700 °C **0** is 81, and serves as a reference in this study ([Table 1](#tab1){ref-type="table"}, entry 1). The value decreases to around 28 if silica is fully passivated with trimethylsilyl (TMS) and therefore becomes hydrophobic (Fig. S2, ESI[†](#fn1){ref-type="fn"}).[@cit51],[@cit52] To determine the correlation between the surface polarity and the aggregation properties of silica NPs, we performed transmission electron microscopy (TEM) of non-passivated (**0**) and fully TMS-passivated (**0-high**) silica NPs in non-polar media (Fig. S3, ESI[†](#fn1){ref-type="fn"}). The results show that indeed more hydrophobic silica NPs are better dispersed in a hydrophobic medium.[@cit60] Investigating the aggregation of silica NPs covered with SOMFs **1--6** by TEM was not feasible, as these systems are highly air/moisture sensitive, which might change the attraction properties under given conditions.

The aggregation hypothesis is also supported by free energy calculations (details are provided in the ESI[†](#fn1){ref-type="fn"}),[@cit61]--[@cit63] which reflect the effective interaction between particles in solution. Calculations were performed on molecular T^8^-silsesquioxane models (Fig. S4, ESI[†](#fn1){ref-type="fn"}). Non-functionalized \[SiO~1.5~(OH)\]~8~ (**M-0**, black in [Fig. 1](#fig1){ref-type="fig"}) shows a strong tendency towards aggregation between these particles due to the hydrogen-bonding interactions between their OH groups. After functionalization of four \[0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000SiOH\] with --^*t*^Bu(CMe~3~) (**M-Me**, blue in [Fig. 1](#fig1){ref-type="fig"}) or --C(CH~2~^*t*^Bu)~3~, (**M-CH~2~*^t^*Bu**, red in [Fig. 1](#fig1){ref-type="fig"}) the attraction between two silsesquioxane molecules decreases with increasing bulkiness of the ligand.

![Free energy as a function of distance (*r*) between centers of masses of two prototypical silica particles **M-0**, **M-Me** or **M-CH~2~*^t^*Bu** illustrates the trend of aggregation between these two particles in *o*-DCB solution. **M-0**, **M-Me**, and **M-CH~2~*^t^*Bu** correspond to \[SiO~1.5~(OH)\]~8~, \[SiO~1.5~(O^t^Bu)~0.5~(OH)~0.5~\]~8~, and \[SiO~1.5~(OC(CH~2~^*t*^Bu)~3~)~0.5~(OH)~0.5~\]~8~, respectively. Details of the free energy calculation are summarized in the ESI.[†](#fn1){ref-type="fn"}](c8sc00532j-f1){#fig1}

The materials remain more hydrophilic (higher *C*~BET~) with lower carbon content which holds true for (i) changing the ligand from --CH~2~^*t*^Bu to --^*i*^Bu to --Me, (ii) changing the number of ligands and (iii) decreasing the SOMF loading from high (*c*~SOMF~ \> 0.18 mmol g~silica~^--1^) to med (0.1 \< *c*~SOMF~ \< 0.18 mmol g~silica~^--1^) to low (*c*~SOMF~ \< 0.1 mmol g~silica~^--1^). The *C*~BET~ value is around 75 for lower loadings of SOMFs having lower carbon contents (*e.g.***5-low**, **5-med**, and **3-low**) and decreases to around 30 for higher loadings of SOMFs with higher carbon content (*e.g.***1-med**, **4-high**, and **6-high**). The results are illustrated in [Fig. 2a](#fig2){ref-type="fig"}.

![(a) Correlation of *C*~BET~ and *c*~carbon~ of SOMFs **1--6** at various concentrations; (b) correlation of *C*~BET~ with ^1^H enhancement factors *ε*~H~ (*o*-DCB) and (c) correlation of *C*~BET~ and *c*~SOMF~ of SOMFs **1--6** at different concentrations. The various regions (yellow, blue, red and green) indicate where DNP SENS measurements are possible and where they are not. S/N~(SOMF)~ corresponds to the signal to noise ratio of the SOMF.](c8sc00532j-f2){#fig2}

We have taken seven silica NPs loaded with various SOMFs at different concentrations along the trend line in [Fig. 2b](#fig2){ref-type="fig"} and investigated them in more detail by DNP SENS: **1-med** (*C*~BET~ = 43), **2-med** (*C*~BET~ = 54), **3-low** (*C*~BET~ = 75), **3-med** (*C*~BET~ = 65), **4-low** (*C*~BET~ = 65), **4-med** (*C*~BET~ = 50) and **4-high** (*C*~BET~ = 32). DNP SENS experiments of **3** and **4** are particularly interesting, as the results can be compared to previous experiments where the SOMF was protected inside mesopores of MCM-41.[@cit27]

For DNP-SENS experiments, *ortho*-dichlorobenzene (*o*-DCB)[@cit64] was used as the solvent because its carbon resonances (*δ* = 115--140 ppm) do not overlap with the expected ^13^C chemical shifts of SOMFs for most investigations[@cit27] (though it has recently been shown that the solvent resonances can be suppressed if needed).[@cit65] The maximum solvent ^1^H enhancement, *ε*~H~, for pure SiO~2,\ 700~**0** impregnated with a 16 mM solution of TEKPol in *o*-DCB obtained here was *ε*~H~ = 101 (the TEKPol is inert on silica) and serves in the following as an indicator for estimating the destruction of TEKPol by reaction with the SOMF. Typically, TEKPol (biradical) is added in default (0.6 μmol) with respect to the SOMF (1.6--4.7 μmol). Depending on the SOMF loading, a SOMF/radical ratio of at least ≥1 is used for DNP SENS experiments. This ratio suggests that the radical should be completely destroyed in all cases if we assume full accessibility of the SOMFs (Table S1, ESI[†](#fn1){ref-type="fn"}). Consequently, no enhancement should be detected. For example, when SOMFs **3** and **4** were immobilized on SBA15 (*d*~pore~ = 6.0 nm),[@cit27] we were not able to detect signal enhancements by DNP SENS after the samples were impregnated with TEKPol. We found by quantitative EPR that the radical concentration for **4-high** was 94% lower as compared to non-functionalized silica nanoparticles **0** (1 h after impregnation), and decreased further with time (99% lower after 4.5 h) (Table S5 and Fig. S9, ESI[†](#fn1){ref-type="fn"}).

Comparing the measured *C*~BET~ value with the experimental solvent ^1^H enhancement factors obtained from DNP SENS experiments in *o*-DCB ([Fig. 2b](#fig2){ref-type="fig"}), we observe a correlation between increasing *ε*~H~ and increasing hydrophilicity of silica nanoparticles.

Low levels of functionalization of the silica NPs (such as **1-low**, **2-low**, and **3-med** having a *C*~BET~ \> 60) lead to aggregation of the silica NPs, which partially prevents reaction between TEKPol and the SOMF and hence enables reasonable solvent enhancements (*ε*~H~ \> 60). A value in the range of 50 \< *C*~BET~ \< 60 is observed for silica NPs loaded with SOMFs bearing --CH~2~^*t*^Bu ligands at a medium concentration (**2-med** and **4-med**). The concomitant ^1^H enhancements are 10 \< *ε*~H~ \< 20. A higher degree of functionalization (**1-med** and **4-high**; *C*~BET~ \< 50) leads to a higher dispersion of silica NPs and hence SOMFs are more exposed to react with TEKPol, leading to low ^1^H enhancements (*ε*~H~ \< 5).

Thus, we see that for successful characterization of the SOMFs by DNP SENS the aggregation tendency of the silica NPs (deduced from the *C*~BET~ value) and the concentration of SOMFs are significant, as illustrated in [Fig. 2c](#fig2){ref-type="fig"}. Note that in this study all data were recorded at a constant radical concentration. The surface area of the silica samples here is around 200 m^2^ g^--1^, and the 16 mM radical concentration used is the optimal TEKPol concentration determined by Perras *et al.* for silica with 186 m^2^ g^--1^ surface area,[@cit40] as was determined previously.[@cit64]

Analysis of the data in [Fig. 2c](#fig2){ref-type="fig"} leads to the following conclusions:

\(I\) For *C*~BET~ \< 60 and *c*~SOMF~ \> 0.17 mmol g^--1^ (**1-med** and **4-high**), the (almost) fully passivated SOMF-covered silica NPs are more hydrophobic compared to SiO~2,\ 700~ leading to better dispersed particles in non-polar solvents. The SOMF is not protected by the interparticle space and the radical/surface interaction leads to (almost) complete decomposition of the polarizing agent. Hence, (almost) no enhancement *ε*~H~ and surface signal are obtained ([Fig. 2](#fig2){ref-type="fig"} and S7, ESI[†](#fn1){ref-type="fn"}).

\(II\) For *C*~BET~ \< 60 and 0.095 \< *c*~SOMF~ \< 0.17 mmol g^--1^ (**2-med** and **4-med**), the polarization agent is partially destroyed, as observed by the low solvent *ε*~H~ enhancements (10--20), corresponding to a long build-up time (*T*~B,ON~ = 18.7 s). The ^13^C CP MAS NMR spectra of **2-med** (S/N = 20) as well as **4-med** (S/N = 28) showed a low signal-to-noise ratio for C(*CC̲*H~3~)~3~ after 10 000 and 16 000 scans, respectively (Fig. S7, ESI[†](#fn1){ref-type="fn"}). The long build-up time indicates that the biradical is significantly decomposed (a lower radical content in solution will increase *T*~B~);[@cit66] however the observed solvent enhancement shows that the residual biradical does succeed in providing a modest enhancement in the surface species.

\(III\) For *C*~BET~ \> 60 and 0.075 \< *c*~SOMF~ \< 0.13 mmol g^--1^ (**3-med**), we obtain the most beneficial properties to enable characterization of the SOMF by DNP SENS. For SOMF **3-med**, ^1^H MAS, ^13^C (S/N = 13 for **Me1** after 288 scans), and ^29^Si CP MAS DNP SENS spectra (S/N = 27 after 1024 scans) with reasonable S/N ratios are acquired within 1.5 hours ([Fig. 3](#fig3){ref-type="fig"}) with *ε*~H~ (*o*-DCB) = 65.4(0.6), *ε*~C,\ CP~ (**3-med**) = 27(9) and *ε*~Si,\ CP~ (**3-med**) = 36(3) and with 8, 288 and 1024 scans, respectively. A ^1^H--^13^C HETCOR DNP SENS spectrum was recorded in 10 hours (128 scans, 96 increments, *t*~1~ = 3 s; Fig. S6, ESI[†](#fn1){ref-type="fn"}), which would take 375 days without using DNP SENS.

![(a) DNP SENS ^1^H MAS, (b) ^13^C CP MAS and (c) ^29^Si CP MAS (100 K, 400 MHz/263 GHz gyrotron) of **3-med** in 16 mM TEKPol *o*-DCB solution obtained at 8 kHz MAS. The red line represents the spectra without microwave irradiation (μwave off), and the black line represents experiments with microwave irradiation (μwave on). The stars indicate the spinning side band.](c8sc00532j-f3){#fig3}

The success of the experiments is attributed to the aggregation of the SOMF-covered silica NPs in non-polar solvent preventing the interaction between the radical and the reactive surface species inside the aggregates. Note that a small amount of reactive surface species is located on the outside of the aggregates, leading to slight decomposition of the bi-radicals, as indicated by a fairly short build-up time (*T*~B,ON~ = 6.1 s) but the latter is longer than in a bulk 16 mM TEKPol solution (*T*~B,ON~ = 4 s). Hence, the destruction of the polarization agent is mainly avoided. The ^1^H surface enhancement *ε*~C,\ CP~ ∼ 30 is lower than the bulk solvent enhancement which is a signature of polarization relay from outside the aggregates.

\(IV\) For *C*~BET~ \> 60 and *c*~SOMF~ \< 0.075 mmol g^--1^ (**3-low** and **4-low**), a high solvent enhancement is detected (*ε*~H~ (*o*-DCB) = 80), but the intensities of SOMF signals in ^13^C CP MAS DNP SENS experiments remain weak (Fig. S5 and S6, ESI[†](#fn1){ref-type="fn"}). The short build-up time (*T*~B,ON~ = 4.8 s), close to the value expected for bulk 16 mM TEKPol, indicates that the polarizing agent does not interact with the reactive surface species. Indeed, the high *C*~BET~ leads to a good protection of the SOMF inside the aggregates, and the low SOMF concentration leads to a negligible quantity on the aggregate surface.

Conclusions
===========

In conclusion, the propensity of silica NPs for aggregation can be controlled and yield high DNP SENS efficiency for reactive surface species. Differences in the DNP SENS results are attributed to the modification of the spatial properties of silica aggregates upon grafting of surface organometallic fragments. In the regime where hydrophilic nanoparticles form aggregates that allow the solvent (here *o*-DCB) to enter the interparticle space, but do not allow entry of the bulky TEKPol radicals (obtained when *C*~BET~ \> 60 and the SOMF concentration is modest (∼0.13 mmol g~silica~^--1^)), enhancement factors of up to 30 are obtain for the reactive surface species. High SOMF concentrations (*c*~SOMF~ \> 0.2 mmol g~silica~^--1^) lead to hydrophobic silica nanoparticles (*C*~BET~ \< 35) which are highly dispersed in the non-polar solvent (*o*-DCB), and hence the SOMF is accessible for reaction with TEKPol, and DNP SENS cannot be applied. Similarly silica nanoparticles having a low SOMF concentration (\<0.10 mmol g~silica~^--1^) remain hydrophilic (*C*~BET~ \> 60) and create aggregates where neither the TEKPol nor the solvent can enter the interparticle space, and DNP SENS is also inefficient. Contact of the solvent *o*-DCB with both SOMF and TEKPol is important to guarantee the transfer of polarization.

Finally, we note that the quality of the DNP SENS spectrum of SOMF **3** on silica nanoparticles (**3-med**) and encapsulated inside MCM41 (**3-MCM41**)[@cit27] is similar. However, the two approaches are complementary. The MCM41-based approach is tunable, but requires a specific synthetic approach, whereas the approach here can be applied to native systems if they fulfill the criteria for agglomeration, without inducing any change in catalytic activity.
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